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p14*RF is a tumor suppressor that controls a well-described p53/Mdm2-dependent checkpoint in response
to oncogenic signals. Here, new insights into the tumor-suppressive function of p14*®" are provided. We
previously showed that p14*®" can induce a p53-independent G, cell cycle arrest. In this study, we demonstrate
that the activation of ATM/ATR/CHK signaling pathways contributes to this G, checkpoint and highlight
the interrelated roles of p14*® and the Tip60 protein in the initiation of this DNA damage-signaling cascade.
We show that Tip60 is a new direct p14*®* binding partner and that its expression is upregulated and required
for ATM/CHK2 activation in response to p14*®F, Strikingly, both p14*®" and Tip60 products accumulate
following a cell treatment with alkylating agents and are absolutely required for ATM/CHK2 activation in this
setting. Moreover, and consistent with p14*®" being a determinant of CHK2 phosphorylation in lung carci-
nogenesis, a strong correlation between p14*®" and phospho-CHK2 (Thr68) protein expression is observed in
human lung tumors (P < 0.00006). Overall, these data point to a novel regulatory pathway that mediates the
p53-independent negative-cell-growth control of p14*®¥. Inactivation of this pathway is likely to contribute to

lung carcinogenesis.

ARF (known as p14*®¥ in humans and p19*®" in mice) was
originally identified as an alternative transcript of the Ink4a/
ARF tumor suppressor locus, a gene that encodes the p16™+*
inhibitor of cyclin-dependent kinases (39). By virtue of its
unique exon, the ARF transcript encodes a protein that is
unrelated to p16™#* (35). Nevertheless, like p16'™** ARF
exhibits tumor suppressor functions, as demonstrated by the
tumor susceptibility phenotype of p14*RF-deficient mice (22).
It is well known that the ARF-p53-Mdm?2 pathway serves as a
checkpoint that protects cells from oncogene-induced trans-
formation (21, 34). However, an increasing number of studies
now points to the fact that not all ARF tumor suppressor
functions are elicited through the p53-Mdm?2 pathway. These
new aspects of p53-independent ARF functions have been
supported mainly by the characterization of a wide range of
new ARF binding partners, such as the B23/nucleophosmin
protein involved in ribosome biogenesis (7, 20), the E2F-1
transcription factor (14) and its cofactor DP1 (12) involved in
S phase progression, and the recently identified E3 ubiquitin
ligase ARF-BP1/Mule (10). In contrast, the cellular signaling
pathways involved in these new functions of ARF remain
largely unknown.

The DNA damage-signaling pathway is an essential process
that is activated following exposure to numerous types of geno-
toxic stresses and serves to influence or achieve DNA repair,
cell cycle delay, and/or apoptosis in order to maintain genomic
stability (46). Two members of the phosphatidylinositol 3 (PI-
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3)-kinase-related kinase family, ATM (for ataxia telangiectasia
mutated) and ATR (for ataxia relangiectasia and Rad3 re-
lated), play a central role in DNA damage recognition and
initial related phosphorylation events (for a review, see refer-
ence 36). It is presently well known that DNA single- or dou-
ble-strand breaks that occur after cellular treatment with radi-
ation or chemotherapeutic drugs activate both ATM and ATR
kinases, leading to the recruitment and phosphorylation of a
set of cellular proteins involved in the DNA damage response
(for a review, see reference 40). Recently, the exposure of cells
with a chromatin-modifying drug was also reported to activate
ATM, leading to the proposal that ATM activation may result
from changes in the structure of chromatin instead of direct
binding to DNA strand breaks (2).

Initially discovered as a Tat-interacting protein, Tip60 is a
chromatin-modifying enzyme which appears to be a key com-
ponent in the antiproliferative cellular response. Indeed, Tip60
is required for p19*®F/p53-mediated proliferation arrest (6).
Furthermore, its suppression abolishes the G, cell cycle arrest
induced by ionizing radiation, thereby highlighting the involve-
ment of Tip60 in genotoxic signaling networks (6). In agree-
ment with such a role, Tip60 accumulates in cells exposed to
UV radiation (26), is required for DNA repair and apoptosis
following gamma radiation (19), and has been involved in the
exchange of drosophila phospho-H2Av with a nonmodified
H2Av at DNA lesions (25). Interestingly, Sun and colleagues
recently reported that Tip60 activates ATM following geno-
toxic stresses, demonstrating that Tip60 is a critical component
of the signal transduction pathway that links the detection of
DNA breaks to the DNA damage response (42).

We have previously reported that ARF can induce cell
growth arrest in tumor cells that lack a functional p53 gene
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(15). In this study, we demonstrate that the ATM/ATR DNA
damage-signaling pathways contribute to the p53-independent
tumor suppressor function of p14“RF and provide evidence
that Tip60 and p14*®F display interrelated roles in this setting.
Moreover, we show that p14“RF is a determinant of CHK2
phosphorylation in lung carcinogenesis. Overall, these data
point to a novel regulatory pathway that mediates the p53-
independent tumor suppressor function of ARF. Inactivation
of this pathway is likely to contribute to lung carcinogenesis.

MATERIALS AND METHODS

Cell lines, cell growth assays, plasmids, and transfection. H358 and H1299
human lung carcinoma cell lines were cultured in 5% CO, at 37°C in RPMI 1640
medium (GIBCO, Cergy Pontoise, France) supplemented with 10% (vol/vol)
heat-inactivated fetal calf serum. Normal human bronchial epithelial (NHBE;
BioWhittaker) cells were cultured in bronchial epithelial cell growth medium.
293 and COS cells as well as MRCS5 human fibroblasts were cultured in Dulbecco
modified Eagle medium (GIBCO) supplemented with 10% (vol/vol) heat-inac-
tivated fetal calf serum. H358/Tet-On control cells and H358/Tet-On/p14~RF-
inducible clones were obtained as previously described (15). Expression of
p14ARF was induced when cells were cultured in the presence of 1 pg/ml doxy-
cycline. Clonogenic assays were performed as previously described (15). Tran-
sient transfections were carried out using Fugene 6 (Roche Diagnostic). Plasmids
used in transient transfections were pcDNA3, pcDNA3-p14*RF hcDNA3-hem-
agglutinin (HA)-tagged actinin 4, and pcDNA3-HA-tagged Tip60. The plasmid
encoding glutathione S-transferase (GST)-Cdc25C was obtained from Helen
Piwinica-Worms (St. Louis, MO).

Cell treatment. Caffeine, cisplatin, cyclophosphamide monohydrate, doxoru-
bicin, etoposide, and methanesulfonic acid methyl ester were all purchased from
Sigma (Saint Quentin Fallavier, France). Cigarette smoke condensate (CSC) was
obtained by mechanically smoking cigarettes. The particulate phase of smoke
was collected on glass fiber filters and the amount obtained determined by the
weight increase of the filter. CSC was prepared by dissolving the collected smoke
particles in dimethyl sulfoxide, and aliquots were kept at —80°C. Stable p14ARF-
inducible clones were cotreated for 72 h with or without doxycycline (1 pg/ml) in
the presence or absence of caffeine (2 to 4 mM). Treatment of H358 cells with
cyclophosphamide (10 M), doxorubicin (10 pM), etoposide (10 wM), meth-
anesulfonic acid methyl ester (10 pM), or CSC (3 to 30 pg/ml) was performed for
24 h. Protein translation inhibition was achieved by treating cells with 30 pg/ml
of cycloheximide (CX; Sigma) 24 h posttransfection.

Antibodies. The anti-Cdc2 p34 (sc-54), anti-Chkl (G-4), anti-Chk2 (H-300),
anti-HA (Y-11), and anti-p14*R¥ (C-18) antibodies were purchased from Santa
Cruz; the anti-p14°RF (Ab-2), anti-ATM (Ab-1), anti-ATR (Ab-2), anti-p14~RF
(Ab-1), and anti-Hsp70 (clone JG1; ABR) antibodies were from Oncogene
Research; the anti-phospho-ATM (Ser1981), anti-phospho-(Ser/Thr) ATM/
ATR substrate, anti-phospho-Cdc2 (Tyr15), anti-phospho-Cdc25¢ (Ser216), anti-
phospho-Chkl (Ser345), anti-phospho-Chk2 (Thr68), anti-phospho-Rad17
(Ser645), and anti-Rad17 antibodies were from Cell Signaling; the anti-Cdc25¢
(67211A) antibody was from Pharmingen; the anti-phospho-histone H2AX
(Ser139) (clone JBW301) antibody was from Upstate; and the anti-actin (20-33)
antibody was from Sigma. Anti-Tip60 antibody was kindly provided by B Amati.

Transfection of siRNA oligonucleotides. The sequences designed to specifi-
cally target human p14*RF, chkl, chk2, atm, atr, and tip60 RNAs were as follows:
for p14'RF, 5'-GAACAUGGUGCGCAGGUUCTT-3'; for chkl, 5'-GAAGCA
GUCGCAGUGAAGATT-3'; for chk2, 5'-GAACCUGAGGACCAAGAACT
T-3'; for atm, 5'-GCGCCUGAUUCGAGAUCCUTT-3'; for atr, 5'-CCUCCG
UGAUGUUGCUUGATT-3'; and for tip60, 5'-AAGAAGAUCCAGUUCCCC
AAGTT-3'. The scrambled small interfering RNA (siRNA) oligonucleotides
used as controls for all RNA interference experiments were as follows: 5'-AA
AGGUGACGCUGACGAAGTT-3" and 5'-CAAGAAAGGCCAGUCCAA
GTT-3'. Cells were transfected with siRNA oligonucleotide duplexes using jetSI
reagent (Polyplus Transfection, Illkirch, France). Doxycycline (1 pg/ml) was
added or not added to the culture medium 4 h after transfection. The cells were
analyzed 72 h posttransfection. For experiments with alkylating agents, cells were
transfected for 48 h with mismatch, p14*RF, or tip60 siRNAs; then, alkylating
agents were added for 24 additional hours.

Cell cycle analysis. Cells were washed twice in phosphate-buffered saline
(PBS) and fixed in ice-cold ethanol for 10 min at —20°C. After two 1X PBS
washes, cells were incubated at 37°C for 10 min with 200 U/ml of RNase A
(Sigma) and stained with propidium iodide (10 wg/ml in PBS). Cell cycle distri-
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bution was determined by flow cytometry using the Cellfit software (Becton
Dickinson, Grenoble, France).

Immunoblotting and immunoprecipitation. Immunoblotting and coimmuno-
precipitation experiments were carried out as previously described (15, 26).
CHK1/2 kinase assays were performed according to the protocol of Ahn and
Prives (1). Briefly, CHK1 or CHK2 was immunoprecipitated and incubated for
30 min at 30°C in the presence of 1 to 2 ug GST or GST-Cdc25C fusion protein
prepared according to the manufacturer’s protocol (bulk GST purification mod-
ule; Pharmacia Biotech). Immunoblotting was performed on a 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gel, and Cdc25C phosphory-
lation at serine 216 was detected using a specific phospho-antibody. GST fusion
proteins were detected by immunoblotting using an anti-GST antibody. For
coprecipitation of endogenous Tip60 and p14RF proteins, nuclear extracts of
H1299 cells were prepared by lysing the cells in a buffer containing 15 mM NaCl,
60 mM KCl, 12% sucrose, 2 mM EDTA, 0.5 mM EGTA, 0.65 mM spermidine,
1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and 0.1% Triton
X-100. Nuclei were pelleted by centrifugation and further lysed for 30 min at 4°C
in 1 ml of 300 mM NaCl, 50 mM Tris (pH 8.0), 0.4% NP-40, 10 mM MgCl,, and
2.5 mM CaCl,, supplemented just before use with protease and phosphatase
inhibitors. After a 15-min centrifugation step at 10,000 rpm, supernatants con-
taining nuclear proteins were recovered and diluted in 1 ml of 50 mM Tris-HCl
(pH 8.0) and 0.4% NP-40. One milligram of total nuclear extracts was then
subjected to immunoprecipitation using the anti-p14*RF antibody (C-18; Santa
Cruz).

Indirect immunofluorescence. Cells were fixed in 2% paraformaldehyde-PBS
for 5 min at room temperature, washed one time in PBS, and permeabilized in
100% methanol for 20 min at —20°C. After extended washes, nonspecific binding
sites were saturated for 45 min at room temperature in the presence of 1%
bovine serum albumin and 5% goat serum in PBS, and incubation was carried
out with appropriate primary antibody. Cells were then incubated with Alexa 568
or Alexa 488 (Interchim), counterstained with Hoechst 33352, and observed
using an Olympus microscope (X40 to X60 magnification). Images were cap-
tured with a Coolview charge-coupled-device camera (Photonic Science) and
digitally saved using Visilog software.

GST pull-down assay. GST pull-down assays were performed as previously
described (14), using beads coated with either GST or GST-p14“RF fusion
proteins and equivalent amounts of in vitro-translated, wild-type Tip60 protein.

Tissue pl istry. One hundred six lung tumor
samples were obtained at surgical resections of primary lung tumors or diagnos-
tic lymph node mediastinoscopy. The tumors were classified according to the
1999 World Health Organization (WHO) histological classification of lung tu-
mors (43) and comprised 58 non-small-cell lung carcinomas and 48 neuroendo-
crine (NE) lung tumors. p14“RF immunostaining was carried out on cryosections
of frozen samples using the anti-p14“RF (C-20) antibody as previously described
(16). CHK?2 and P-CHK?2 (Thr68) immunostaining was performed on 3-pm-thick
serial paraffin sections using a Ventana Discovery autostainer (Ventana Medical
International, Inc., Tucson, AZ). Nonimmune mouse or rabbit sera were used as
negative controls for all experiments. Immunostaining was interpreted indepen-
dently by two observers. Immunostaining scores were calculated by multiplying
the percentage of labeled cells (from 0 to 100) by the intensity of staining (1+ to
3+). Tumors with scores of =20 were considered positive for p14*RF, in accor-
dance with our previous report (16). Nonneoplastic fibroblasts and endothelial
cells, as well as normal adjacent lung tissue showing nuclear reactivity, were used
as positive internal controls. Tumor samples exhibiting total scores of =10 were
considered positive for P-CHK2 (Thr 68) reactivity. As no internal positive
staining was available for P-CHK2, its detection in some tumors of the same
analysis set was used as a positive control. Tumors were considered positive for
CHK2 expression when their overall scores were =40. In this case, basal cells
of normal bronchi showing nuclear staining were used as positive internal
controls.

histoch
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RESULTS

Caffeine treatment prevents the G, arrest induced by
pl4*®F, We have previously demonstrated the ability of
pl4*R¥ to induce a G, arrest in stably transfected p14~RF-
inducible clones derived from the p53-deficient H358 human
lung adenocarcinoma cell line (H358/Tet-On-p144%F) (15). In
this setting, we aimed to investigate the cellular signaling path-
way(s) involved in this process. To do this, we first assessed the
effects of various specific pharmacological inhibitors on the
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FIG. 1. Caffeine prevents the antiproliferative effect of p14*RF, H358/Tet-On/p14*R¥ cells were incubated for 72 h in the presence (+) or
absence (—) of 1 wg/ml doxycycline (Dox) with or without caffeine as indicated. (A) Cell survival was evaluated after methylene blue staining. In
each case, the growth of cells cultured without doxycycline in the presence or absence of caffeine was normalized to 100%. Results are the means *
standard deviations of three independent experiments performed in duplicate. The P value was calculated by comparing the growth statuses of
doxycycline-treated cells cultured in the presence or absence of caffeine. #*, P < 0.01 (Student’s ¢ test). (B and C) Cell cycle and Western blot
analyses. Representative data of at least three independent experiments are shown.

antiproliferative capacity of p14*RF. Interestingly, we observed
that treating cells with caffeine significantly prevented both the
cell growth inhibition (Fig. 1A) and the G, arrest (Fig. 1B)
induced by p14*RF. To more fully examine the caffeine effect
on the pl4*RF.induced G, arrest, immunoblotting experi-
ments were carried out. We previously showed that inactive
phospho-Cdc2 (Tyr15) and phospho-Cdc25¢ (Ser216) proteins
accumulated in cells arrested in G, upon p14~RF expression
(15). We observed here that caffeine prevented the accumula-
tion of both phosphorylated products (Fig. 1C), indicating that
inhibition of G, arrest results from modifications upstream of
Cdc2 and Cdc25c.

CHK1/2 activation is implicated in the G, arrest mediated
by p14°%¥, As caffeine is a known inhibitor of CHK1/2 kinase
signaling pathways, our data suggested that the CHK kinases
were involved in the antiproliferative effect of p14*®F. In re-
sponse to various types of DNA damage, CHK1 and CHK2 are
activated by phosphorylation at serines 345 and 317 and at
threonine 68, respectively (45). By using Western blot experi-
ments, we reproducibly observed that p14“RF induced a mo-
bility shift for both proteins, highly suggestive of their phos-
phorylation (Fig. 2A, left panel). Accordingly, when specific
phospho-antibodies were used, accumulation of P-CHKI1
(Ser345) and P-CHK2 (Thr68) products was detected upon
p14°RE expression, although the total CHK1/2 expression lev-
els did not vary. These effects were not observed in an H358/
Tet-On control clone cultured in the presence of doxycycline
(Fig. 2A, right panel), ensuring the specificity of the p14*RF-
dependent responses. Importantly, phosphorylation of CHK1
and CHK2 was also detected in MRCS human fibroblasts
transfected with a plasmid encoding p14*®F compared to cells
transfected with a control vector (Fig. 2B). To further confirm
the activation of CHK1/2 by p14“RF, kinase assays in which
CHK1 or CHK2 immunoprecipitates from H358/Tet-On/

pl14°RE cells were tested for their capacity to phosphorylate a

recombinant GST-Cdc25C fusion protein, a known direct sub-
strate of CHK1/2, were performed. In these experiments, GST-
Cdc25C was efficiently phosphorylated by either CHK1 or
CHK2 following p14*®¥ induction (Fig. 2C). Taken together,
these results demonstrate the ability of p14°RF to activate
CHK1/2 kinases in tumors as well as in primary cells.

We then asked whether CHK1/2 activation was involved in
p14*RF_mediated G, arrest. To test this hypothesis, H358/Tet-
On/p14°R¥ cells were transfected with siRNAs specifically tar-
geting chkl or chk2, and the cell cycle profile was analyzed in
the absence or presence of p14*RF induction. We repeatedly
observed that neutralization of either CHK1 or CHK2 partially
prevented the G, arrest mediated by p14*®F, suggesting that
each kinase plays a role in this process (data not shown).
Accordingly, when the expressions of both kinases were simul-
taneously knocked down (Fig. 2D, left panel), the proportion
of p14“RF-expressing cells arrested in G, strongly decreased
(Fig. 2D, right panel). Moreover, we also observed, under
these conditions, the appearance of a population of cells with
a sub-G,; DNA content, in which apoptosis was confirmed by
the detection of an active caspase 3 fragment (Fig. 2D, left
panel). Therefore, it can be assumed that in the absence of the
CHK1/2 kinases, the impaired ability of p14“®F to sustain G,
arrest leads to the induction of apoptosis. Interestingly, a faint
sub-G, peak was also detected in the absence of p14“RF in-
duction, suggesting that inactivation of both kinases might be
deleterious in proliferating cells.

p142RF activates ATM/ATR pathways to mediate G, arrest.
The pathway involved most frequently in the activation of the
CHK proteins is the well-known ATM/ATR DNA damage
response pathway, in which CHK1 and CHK2 act as down-
stream transducers (3). Interestingly, ATM activity was previ-
ously reported to contribute to the tumor-suppressive functions
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FIG. 2. pl4*RF activates CHK1/2 kinases to arrest cells in G,. (A)

Expression of CHK1 and CHK2 proteins was studied by Western blotting

in H358/Tet-On/p14*RF cells cultured for 72 h in the presence or absence of doxycycline (Dox) as indicated. Phosphorylation of CHK1 and CHK2

proteins was confirmed using specific phospho-antibodies. (B) The
transfected with control pcDNA3.1 or pcDNA3.1/p14*RF vector. (C)

same analysis was performed with MRC5 human fibroblasts transiently
Equal amounts of CHK1 or CHK2 protein were immunoprecipitated (IP)

from H358/Tet-On/p14*RF cells and tested for their ability to phosphorylate a GST-Cdc25C fusion protein. Irrelevant mouse or rabbit immuno-
globulins (IgG) were used as negative controls. Phosphorylation of GST-Cdc25C at the serine 216 residue was assessed by immunoblotting using
a specific phospho-antibody. GST or GST-Cdc25C recombinant proteins were detected by immunoblotting using an anti-GST antibody (arrows).
(D) H358/Tet-On/p14°RF cells were transfected for 72 h with either mismatch or specific chkl and chk2 siRNAs as indicated and subjected to
Western blot (left panel) and cell cycle (right panel) analyses. Apoptosis was detected by immunoblotting with an anti-active caspase 3 antibody.

of p14*RF through the phosphorylation and accumulation of p53
protein (29). We therefore asked whether activation of ATM
could be also involved in some aspects of the p53-independent
functions of p14“RF. To test this hypothesis, we first used an
affinity-purified antibody recognizing an ATM/ATR/DNA-PK/
ATX-phosphorylated consensus target sequence (phosphorylated
pS/TQ). As observed in Fig. 3A, p14“RF increased the expression
level or led to the appearance of several phosphorylated products
(upper panel) which accumulated into numerous nuclear foci

(lower panel). Interestingly, these proteins disappeared upon a
N\-phosphatase treatment (upper panel), confirming that they
were specific phosphorylated products. Taken together, these re-
sults were consistent with the activation of some of these ATM/
ATR/DNA-PK/ATX signaling pathways in response to p14°RF,
As ATM kinase is activated by autophosphorylation at serine
1981 (2), we then used a specific phospho-antibody to look at
ATM status. As shown in Fig. 3A (upper panel), the accumula-
tion of a P-ATM (Ser1981) product which disappeared following
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FIG. 3. p14*RF activates ATM/ATR pathways to induce G, arrest. (A, B) H358/Tet-On/p14RF cells were incubated for 72 h in the presence
(+) or absence (—) of doxycycline (Dox) and subjected to Western blot and immunofluorescence analyses. pS/TQ antibody recognizes an
ATM/ATR/DNA-PK/ATX-phosphorylated consensus target sequence. Phosphorylations of ATM, Rad17, and H2AX were revealed using specific
anti-P-ATM (Ser1981), anti-P-Rad17 (Ser645), and anti-y-H2AX (Ser139) antibodies. Treatment with \-phosphatase (N ppase) before loading
confirmed the phosphorylation of ATR, ATM, and ATM/ATR substrates upon p14“RF expression. Immunolocalization of p14*RF (green), pS/TQ,
v-H2AX, and P-Rad17 (Ser645) (red) proteins was visualized by coimmunofluorescence in the same cells. Note that the p14*RF staining does not
colocalize with pS/TQ ATM/ATR, y-H2AX, or P-Rad17 (Ser645) nuclear foci (Merge, yellow). (C, D) H358/Tet-On/p144RF cells were transfected
with either mismatch or atm or atr siRNAs for 72 h and subjected to cell cycle (C) and Western blot (D) analyses. The effect of siRNA transfection
on ATM or ATR expression is shown in the panel above the histogram. Cell cycle data are the means * standard deviations of three independent
experiments.
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a N\-phosphatase treatment prior to electrophoresis was observed
upon p14°RF expression. Interestingly, we also repeatedly noticed
that p14*RF caused the appearance of a higher-migrating ATR
band that shifted to a faster-migrating band following the treat-
ment of the cellular extracts with A-phosphatase, thereby suggest-
ing ATR phosphorylation. To strengthen the notion that p14*®F
activates the ATM/ATR signaling pathways, we investigated
whether p14“®F could induce the activation of two known ATM/
ATR targets, namely, the Rad17 and histone H2AX proteins. In
response to DNA damage, these two proteins are rapidly phos-
phorylated at the Ser645 and Ser139 residues, respectively, and
accumulate into nuclear foci (9, 48). Using immunoblotting and
immunofluorescence experiments, we clearly observed that phos-
pho-H2AX (Ser139) (y-H2AX) and P-Rad17 (Ser645) products
accumulated into nuclear foci upon p14*®¥ induction (Fig. 3B).
Interestingly, we noticed that these nuclear foci did not colocalize
with p14°RF staining, which was observed predominantly in the
nucleoli as previously described (15). Furthermore, and in agree-
ment with a previous study (41), accumulation of P-CHKI1
(Ser345) or P-CHK2 (Thr68) proteins was never detected within
nuclear foci under the same conditions (data not shown). Of note,
we also detected a faint y-H2AX signal in the noninduced cells,
which could be consistent with recent data demonstrating that
phosphorylation of H2AX can also occur in normally growing
cells (18, 31). Collectively, our results indicate that p14*RF acti-
vates ATM/ATR signaling pathways.

To assess the role of ATM/ATR activation in the antipro-
liferative capacity of p14“RF, we performed siRNA experi-
ments specifically targeting atm or atr in H358/Tet-On/p14~RF
cells. Our data showed that neutralization of either ATM or
ATR prevented the G, arrest (Fig. 3C) as well as the accumu-
lation of P-CHK1 (Ser345) and P-Radl7 (Ser645) proteins
induced by p14*RF (Fig. 3D). Interestingly, we noticed that the
phosphorylation of CHK?2 at the Thr68 residue was specifically
abrogated following ATM neutralization while the phosphory-
lation status of histone H2AX was unchanged, suggesting that
other PI-3 kinases, such as DNA-PK, could be required for
p14°RF to mediate the activation of H2AX. Taken together,
these data demonstrate that both ATM/ATR pathways are
involved in the G, checkpoint mediated by p14“RF in a p53-
independent context.

p14“R¥ interacts physically with the Tip60 protein. A series
of experiments was planned to investigate how p14*RF could
activate ATM/ATR signaling pathways. Changes in chromatin
structure have emerged as an additional mechanism that con-
tributes to the activation of ATM (2), and the chromatin-
modifying enzyme Tip60 was recently reported to stimulate
ATM autophosphorylation (42). As Tip60 was previously as-
cribed to an ARF/p53 network (6), we hypothesized that both
Tip60 and p14*RF proteins might also be closely connected on
pS3-independent pathways. To test this hypothesis, we first
asked whether p14“RF could interact with Tip60. H1299 cells
were transfected with expression vectors encoding pl144RF
and/or HA-tagged Tip60 proteins, and coimmunoprecipitation
experiments were performed. As Fig. 4A illustrates, HA-Tip60
was detected in pl14*RF immunoprecipitates, revealing that
both proteins interact. Importantly, after the immunoprecipi-
tation of the endogenous p14*RF, we also observed the coim-
munoprecipitation of a fraction of endogenous Tip60 in H1299
nuclear extracts, thus indicating that both proteins can interact
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FIG. 4. pl4*RF interacts physically with Tip60. (A) COS cells
were transfected with pcDNA3.1-HA-tagged Tip60 (3 wg) and/or
pcDNA3.1-p14°RF (1 wg) vector. Whole-cell extracts were prepared
and subjected to immunoprecipitation (IP) with anti-p14*RF antibody
(C-18) or an irrelevant goat serum as a negative control (Ctl). Immu-
noprecipitates were tested for the presence of HA-Tip60 and p14ARF
using anti-HA and anti-p14*RF antibodies, respectively (left panel). In
the right panel, whole-cell extracts were loaded directly and subjected
to a Western blotting with both the anti-HA and the anti-p14RF
antibodies. (B) Endogenous p14“RF was immunoprecipitated from
H1299 nuclear extracts with anti-p14**F (C-18) antibody or an irrel-
evant goat serum as a negative control (Ctl). p14*®¥ and Tip60 were
revealed by Western blots using anti-p14**F and anti-Tip60 antibod-
ies, respectively. (C) Beads harboring bacterially produced GST-
pl4*RF or control GST proteins were incubated with an in vitro-
translated HA-tagged Tip60 in a GST pull-down experiment and
analyzed by Western blot analysis using anti-HA and anti-GST anti-
bodies.

GST _p e

in vivo (Fig. 4B). It should be noted that reciprocal immuno-
precipitation-Western blot analyses could not be performed,
owing to ineffective Tip60 antibodies for immunoprecipitation
experiments. Since Tip60 and p14“R" have already been phys-
ically linked to Mdm?2 (26, 34), their coprecipitation could be
the result of Mdm2 binding. To test whether Tip60 and p14*RF
could directly complex, an in vitro GST pull-down assay was set
up using recombinant GST-p14*RF as bait. As shown in Fig.
4C, a fraction of in vitro-translated HA-Tip60 was able to bind
GST-p14*RF ) therefore identifying Tip60 as a new direct
p14*RF binding partner.

p142%F stabilizes the Tip60 protein. When performing the
experiments described above, we consistently observed that the
level of Tip60 protein was upregulated when p14*®F was trans-
fected (Fig. 4A, right panel). To more fully investigate whether
p14°RF could affect Tip60 expression, we cotransfected various
cell lines with cytomegalovirus-driven expression vectors for
HA-tagged Tip60 and HA-tagged actinin 4 as an internal con-
trol, either in the presence or in the absence of p14“RF, Our
results showed that the amount of HA-Tip60 significantly in-
creased in the presence of exogenous pl14“RF whereas the
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FIG. 5. p14*RF stabilizes the Tip60 protein. (A) H358 and H1299 cells were cotransfected with pcDNA3.1-HA-tagged Tip60 (HA-Tip60; 1 pg)
and pcDNA3.1-HA-tagged actinin 4 (HA-Act 4; 1 pg) as an internal control, in the presence (+) or absence (—) of pcDNA3.1-p14*RF (3 ug).
Tip60 and actinin 4 (Act 4) were detected by Western blotting using anti-HA antibody. Anti-p14*®¥ antibody was used to detect p14°RF. Actin
was used as a loading control. (B) H1299 cells were transfected with pcDNA3.1-HA-Tip60 (1 pg) and pcDNA3.1-HA-actinin 4 (1 pg) in the
presence (+p14°RF) or absence (—p14°RF) of pcDNA3.1-p14*RF (3 pg) and treated with CX for the indicated durations. Whole-cell extracts were
then subjected to Western blotting using antiactin, anti-HA, and anti-p14*R* antibodies. Tip60 densitometric signals were normalized to actin as
a loading control. A 100% value was arbitrarily assigned to the signal obtained at zero time of cycloheximide treatment. Results are the means =

standard deviations of three independent experiments.

amount of control HA-actinin 4 was unaffected (Fig. 5A).
Similar results were also observed for the endogenous Tip60
protein in stable p14*® -inducible clones cultured in the pres-
ence of doxycycline (Fig. 6A and data not shown). These data
revealed that p14*RF induces Tip60 accumulation. To evaluate
whether p14*®F modulates the stability of the Tip60 protein,
H1299 cells were cotransfected with HA-Tip60 and HA-actinin
4 expression vectors either in the presence or in the absence of
p14“RF and incubated with CX, an inhibitor of protein trans-
lation. The amounts of HA-Tip60 and HA-actinin 4 were then
analyzed by immunoblotting at different times during cyclohex-
imide treatment. As shown in Fig. 5B, p14*RF expression was
associated with a significant decrease in Tip60 decay. Taken
together, these data indicate that p14*RF stabilizes the Tip60
protein.

Tip60 is required for p14*®*-mediated ATM/CHK2 activa-
tion. Having provided evidence that Tip60 is targeted by
pl4°RE we then investigated whether it was involved in the
activation of the DNA damage-signaling pathways mediated by
p14~RF, The H358/Tet-On/p14*RF cells were transfected with
siRNAs against #ip60, and ATM/ATR/CHK activation and the
cell cycle profile were analyzed. As Fig. 6 illustrates, neutral-
ization of Tip60 strongly impaired the ability of p14*RF to
induce the accumulation of phosphorylated ATM, CHK2, and
H2AX proteins as well as to stop the cells in G,. These data
therefore indicated that Tip60 is absolutely required for the
activation of ATM/CHK2 by p14*RF in a p53-independent

context. Interestingly, and consistent with Tip60 acting up-
stream of CHK2, we noted that Tip60 neutralization prevented
the p14*RF-mediated G, arrest to the same extent as CHK2
knockdown (data not shown). Furthermore, we observed that
pl4*RF.induced H2AX phosphorylation was abrogated in
Tip60-depleted cells (Fig. 6A) while it was unaffected by ATM
or ATR knockdown (Fig. 3D). This suggests that Tip60 might
also control the activation of other PI-3 kinases, such as DNA-
PK, to regulate the phosphorylation of H2AX in response to
pl4~RF Also interesting was the stimulation of CHK1 phos-
phorylation as well as the shift of ATR when Tip60 was
knocked down in the absence of p14*RF induction (Fig. 6A,
compare lanes 1 and 3). These data support the notion that
Tip60 plays a role in ATR/CHKI activation independently of
pl14“RF which could be consistent with its involvement in
G,/M transition (28). Therefore, in order to distinguish be-
tween the intrinsic effect of Tip60 on the cell cycle and its role
in the p14*®F-mediated activation of the DNA damage-signal-
ing pathway, we decided to focus further studies on the ATM/
CHK?2 pathway, which was not affected by Tip60 neutraliza-
tion alone.

p14*®F and Tip60 are upregulated and required for ATM/
CHK2 activation in response to DNA-damaging agents. Our
results so far demonstrated the ability of p14*RF to stimulate
ATM/ATR/CHK signaling pathways in a model of overexpres-
sion. Therefore, we attempted to identify some of the up-
stream signals that could trigger the physiological activation of



4346 EYMIN ET AL.

A

siRNA Mismatch  Tip60
p14ARF - -
Tip60 ) by
ATM (SIS —
P-ATM (Ser1981) —_—
P-CHK2(Thré8) —~
y-H2AX -
ATR [ "'"" ol od
P-CHK1(Ser345) 2 U

HSP70 [ g ——

Dox - + - +

siRNA Mismatch Tip60
® 40

= *

0

o 30

.g NS
% 20

£

8 10

3

0
Dox - + - &

FIG. 6. Tip60 is required for p14*RF-mediated ATM/CHK2 acti-
vation. H358/Tet-On/p14°RF cells cultured in the presence (+) or
absence (—) of doxycycline (Dox) were transfected for 72 h with either
mismatch or Tip60 siRNA. (A) ATM, ATR, CHK1, CHK2, and H2AX
activations were studied by immunoblotting using specific phospho-
antibodies. Neutralization of Tip60 was revealed by Western blots
using an anti-Tip60 antibody. HSP70 was used as a loading control.
Results are representative of three independent experiments. (B) The
cell cycle profile of the same cells was analyzed by fluorescence-acti-
vated cell sorter cytometry. Results are the means = standard devia-
tions of three independent experiments.

these pathways by p14“RF. Anticancer agents are among the
numerous genotoxic insults which activate the DNA damage
response pathways (45). Thus, we first tested the effects of
several of these agents on p14“RF expression levels. As shown
in Fig. 7A (left panel), treating H358 cells with cyclophospha-
mide and methyl methanesulfonate, two alkylating agents,
clearly increased p14“RF expression levels. In contrast, the
topoisomerase inhibitors, etoposide and doxorubicin, had no
effect. Similar results were obtained with NHBE cells (Fig. 7A,
left panel). Interestingly, p14*®¥ expression levels were also
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upregulated in the presence of CSC (Fig. 7A, right panel).
Taken together, these data reveal that p14*RF is a target of
genotoxic agents. To investigate the functional significance of
this p14*®¥ induction, the protein was neutralized using ap-
propriate siRNA and the activation of the ATM/CHK2 path-
way was analyzed by Western blotting with H358 cells cultured
in the presence or absence of cyclophosphamide. As expected,
accumulation of activated P-ATM and P-CHK2 proteins was
observed in response to cyclophosphamide, although total
ATM and CHK?2 protein levels were similar (Fig. 7B, compare
lanes 1 and 4; also data not shown), and was correlated with
cell growth inhibition (Fig. 7C, upper panel). Strikingly, the
accumulation of both P-ATM and P-CHK?2 proteins was pre-
vented by the use of pI4*%¥ siRNA (Fig. 7B, compare lanes 4
and 5), therefore revealing a direct involvement of p14*RF in
the activation of the ATM/CHK?2 pathway in response to this
genotoxic stress. In these settings, we observed the appearance
of an obvious population of apoptotic cells, as demonstrated by
Hoechst staining and caspase 3 activation, which was not de-
tected in mismatch-transfected, treated cells (Fig. 7C, lower
panels). Therefore, it can be assumed that the impaired ability
of p14*RF_deprived cells to activate the DNA damage check-
point in response to alkylating agents ultimately leads to cell
death. These results are reminiscent of our previous data show-
ing the induction of apoptosis upon p14“RF expression in cells
deprived of CHK1 and CHK2 kinases (Fig. 2D). Then, to
complete our investigations, we studied the role of Tip60. By
using an anti-Tip60 antibody, we clearly observed an upregu-
lation of Tip60 expression in cells treated with cyclophospha-
mide (Fig. 7B, compare lanes 1 and 4), which was in agreement
with previous data reporting that Tip60 accumulates following
DNA damage, in that case from UV radiation (26). Under
these conditions, neutralization of Tip60 with siRNA abolished
the accumulation of P-ATM/CHK?2 despite p14*R" induction
(Fig. 7B, compare lanes 4 and 6), providing evidence that
Tip60 is crucial for a proper p14“®F-dependent response to
cyclophosphamide. Of note, we observed that Tip60 protein
levels decreased following pl14“RF neutralization in both
treated (Fig. 7B, compare lanes 4 and 5) and untreated (Fig.
7B, compare lanes 1 and 2) cells, confirming that p14*RF is a
critical regulator of Tip60 expression (Fig. 5 and 7B). Further-
more, we detected a slight accumulation of p14*RY following
Tip60 knockdown (Fig. 7B, compare lanes 1 and 3), suggesting
the existence of a Tip60-controlled negative feedback loop
affecting p14*R¥ expression levels. Finally, when p14*RF was
immunoprecipitated from cyclophosphamide-treated cells, we
clearly observed the coimmunoprecipitation of a longer form
of Tip60 which was not detected in untreated cells, indicating
that p14*RF could interact with a posttranslationally modified
form of the protein in response to cyclophosphamide (Fig.
7D). However, it should be noted that p14*RF did not interact
preferentially with this slower-migrating form of Tip60 in
treated cells. Collectively, these data provide evidence that
p14“RF and Tip60 cooperate to activate the DNA damage
checkpoint in response to alkylating agents.

Direct correlation between p14“®¥ and P-CHK2 (Thr68)
expression in human lung tumors. We previously reported a
frequent inactivation of p14“RF in aggressive human lung tu-

mors (16), and our present data demonstrate that p14°RF is
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FIG. 7. p14~RF and Tip60 are required for ATM/CHK?2 activation in response to DNA-damaging agents. (A) H358 and NHBE cells were
treated for 24 h with the indicated cytotoxic agents (left panel) or cigarette smoke condensate (right panel) and analyzed for p14*RF
expression by Western blotting. Hsp70 was used as a loading control. (B) H358 cells were transfected for 48 h with either mismatch, p14*RF,
or tip60 siRNA and treated or not treated for an additional 24 h with cyclophosphamide (10 pM). Western blot analyses were performed
with the indicated antibodies. (C) H358 cells were transfected for 48 h with either mismatch or p14*** siRNA and treated or not treated
for 24 additional hours with cyclophosphamide (10 wM). For each condition, cells were counted using trypan blue staining (upper panel).
Apoptosis was evaluated after Hoechst staining and immunoblotting with anti-active caspase 3 antibody (lower panels). (D) Endogenous
pl4~RF was immunoprecipitated from nuclear extracts of H358 cells treated (+) or not treated (—) for 24 h with cyclophosphamide
(Cycloph.; 10 pM). Immunoblotting was performed using anti-p14*RF or anti-Tip60 antibody. An irrelevant goat serum was used as a
negative control (Ctl). Notice the appearance of a Tip60 doublet (arrows) that coimmunoprecipitates with p14*R¥ in cyclophosphamide-
treated cells.

required for activation of DNA damage-signaling pathways in
response to genotoxic stresses in cell lines. We therefore asked
whether p14°RF expression could correlate with the activation
of some of the components of the DNA damage network in
human lung tumors. To this end, we studied p14*RF, CHK2,
and P-CHK2 (Thr68) expression using immunohistochemistry
in 106 resected lung tumors of various histological types (Fig.
8). Compared to results for normal lung structures present at
the vicinity of the tumors, p14“®F immunostaining was unde-
tectable in 23/106 (22%) human lung tumors, predominantly in
NE lung tumors (16/48; 33%), as previously reported (16).
Moreover, CHK2 expression was observed in 86/106 (81%)

human lung tumors. Of these 86 CHK2-expressing tumors, 56
(65%) accumulated the active P-CHK2 (Thr68) protein. A
direct correlation linking the expression of both p14*RF and
P-CHK2 (Thr68) was found in all tumors tested (P =
1072), with 65/86 (75%) samples exhibiting either the presence
or the absence of the expression of both proteins. Interestingly,
this direct correlation was also observed in NE tumors (P = 9 X
107?), which were predominantly negative for both p14*RF
and P-CHK?2 (Thr68) staining (10/35; 28%) compared to non-
small-cell lung carcinomas (4/51; 8%) (Fig. 8B). Taken to-
gether, these data are consistent with p14*RF being a deter-
minant of CHK2 phosphorylation in human lung tumors.
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FIG. 8. Immunohistochemical analysis of p14*®¥, CHK2, and P-CHK2 (Thr68) status in human lung tumors. (A) Representative examples are
shown. (Upper panels) A small-cell lung carcinoma (SCLC) exhibiting negative p14*RF and P-CHK2 (Thr68) staining and positive CHK2 nuclear
expression (magnification, X40; bar scale = 100 pm). (Lower panels) A squamous lung carcinoma with positive p14**F, CHK2, and P-CHK2
(Thr68) staining (magnification, X20; bar scale = 200 um). (B) Relationships between p14*RF status, CHK?2 status, and P-CHK2 (Thr68) status
in human lung tumors. Statistical analyses were performed using a chi-square test. NSCLC, non-small-cell lung carcinoma; —, negative immu-

nostaining; +, positive immunostaining; NS, not significant.

DISCUSSION

During the past decade, the p14***/MDM2/p53 signaling
pathway has been the subject of intense investigations. In con-
trast, and even if it is now well admitted that p14“RF also has
tumor suppressor functions that do not depend on p53 or
Mdm2, the cellular signaling pathways associated with these
functions remain largely unexplored. Here, we provide evi-
dence that p14RF triggers a G, checkpoint independently of
pS3 through activation of both ATM and ATR kinases and
their downstream transducers CHK1 and CHK2. Interestingly,
p14°RF was recently shown to activate ATM, leading to the
phosphorylation and stabilization of p53 (29, 33). Our data
therefore demonstrate that the ATM/ATR DNA damage-sig-
naling pathways also contribute to the p53-independent tumor
suppressor function of p14*®F. The contribution of p14°RF to
the cellular response induced by treatments with genotoxic
agents remains a subject of debate. Although it was first
thought that p14*®F was not involved in this process (22, 30,
47), later studies reported that its level increases after exposure
to gamma radiation and that its loss results in a defective DNA
damage arrest upon exposure to ionizing radiation (23, 24). In
addition, p14*RF was also shown to play a role in DNA repair
after treatment of cells by UV irradiation (37). In this study, we
provide evidence that p14*RF accumulates in cells treated with
alkylating agents as well as with cigarette smoke condensate

and demonstrate that its expression is crucial for the activation
of ATM and CHK?2 in these settings. Therefore, our data
identify p14*RF as a key component for the initiation of the
DNA damage-signaling cascade.

How might p14*R¥ activate the ATM/ATR signaling path-
ways? It was recently demonstrated that oncogenic stimuli
induce a DNA damage response in human tumors through
aberrations in DNA replication (5, 17). Interestingly, the
Foxm1b protein, a component of the DNA replication machin-
ery, was recently identified as a p14°RF target (11), and it was
also shown that ATM becomes activated during replication in
the absence of DNA damage (38). Therefore, it is possible that
pl4°RE activates ATM/ATR/CHK by acting on replicative
processes. Another possibility comes from the recent notion of
ATM activation through epigenetic mechanisms (2). Consis-
tent with this hypothesis, we highlight the role of the Tip60
protein in the checkpoint control induced by p14*R¥ indepen-
dently of p53. Indeed, we provide evidence that Tip60 is ab-
solutely required for p14*®F-mediated ATM/CHK?2 activation
and cell cycle arrest. Several data support the notion that Tip60
and p14*RF have interrelated roles in the control of cell growth
in a p53-dependent context. First, both proteins are able to
inhibit Mdm2-induced degradation of p53 and to stimulate its
transcriptional activity (27, 34). Second, the suppression of
Tip60 confers resistance to the ARF/p53-dependent prolifer-
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ation arrest (6). Altogether, these and our results demonstrate
that Tip60 is a critical mediator of both the p53-dependent and
the p53-independent tumor suppressor functions of p14“RF,
Consistent with Tip60 being closely connected to p14*%F, we
further show that p14“RF is a positive regulator of Tip60 ex-
pression both in normally growing cells and in response to
cyclophosphamide treatment. Stabilization of Tip60 following
UV irradiation has been previously reported and was corre-
lated with a decrease in its Mdm2-mediated polyubiquitination
(26). As p14*RF is a well-known inhibitor of the E3 ligase
activity of Mdm?2 (34), it would be interesting to determine
whether Tip60 stabilization by p14*RF involves the Mdm?2
protein.

Recent studies have highlighted a role for Tip60 in the
cellular response to DNA damage. Indeed, Tip60 was shown to
be essential for the repair of DNA strand breaks following
gamma radiation (19) and was also involved in the exchange of
drosophila phospho-H2Av with a nonmodified H2Av at DNA
lesions (25). In this study, we demonstrate that both Tip60 and
pl4ARF are absolutely required for a proper activation of the
ATM/CHK?2 pathway in response to cyclophosphamide, unrav-
eling their interrelated roles in the initiation of the DNA dam-
age-signaling cascade. One critical question that remains to be
elucidated is this: in which way do p14“®F and Tip60 cooperate
to activate ATM? Tip60 was very recently reported to bind and
to acetylate ATM, leading to the activation of ATM kinase
activity (42). In this setting, it was also demonstrated that the
acetyltransferase activity of the ATM-Tip60 complex is specif-
ically activated by DNA damage. We found that both Tip60
and pl4°RF interact. It is thus tempting to speculate that
pl42RE could be part of an ATM/Tip60 complex and could
contribute to its activation. Moreover, in contrast to the ATM/
Tip60 interaction being not modulated by DNA damage (42),
we observed that p14*RF bound Tip60 as well as a slower-
migrating form of Tip60 in cyclophosphamide-treated cells.
Phosphorylation of Tip60 has already been described and was
found to stimulate its histone acetyltransferase activity (28).
Whether p14“RF interacts with such a posttranslationally mod-
ified form of Tip60 to affect its hypoxanthine-aminopterin-
thymidine activity requires further investigation. Alternatively,
the modulation of Tip60 activity towards other nonhistone
proteins (32, 44) and/or the regulation of Tip60 transcriptional
functions (8) might also contribute to the activation of the
ATM/CHK?2 signaling pathway by p14*RF,

The activation of an ATM/CHK2-regulated DNA damage
response network was recently identified as a barrier against
human cancer and genetic instability (4, 5, 13, 17). In this
study, we found a direct correlation between the expression of
both p14*RF and phospho-CHK2 (Thr68) proteins in a large
series of human lung tumors. In keeping with our data on cell
lines, these results confirm that p14*RF is a critical determi-
nant of CHK2 activation. Therefore, based on our data, we
propose that p14*®F inactivation would allow tumor cells to
dodge the CHK2-dependent checkpoint control that is nor-
mally activated in response to cigarette smoke carcinogens,
thus favoring lung tumorigenesis. This hypothesis fits perfectly
well with the high frequency of p14*R¥ loss we had previously
reported in aggressive small-cell lung cancers, which are tu-
mors strictly related to tobacco smoking (16).
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